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Abstract 
In recent years high temperature superconductor (HTS) power cables have attracted extensive interest. With funding 
support from the United States Department of Energy (DOE), the world’s first transmission voltage level HTS power 
cable has been designed, fabricated and permanently installed in Long Island Power Authority (LIPA) grid. The HTS 
cable was successfully commissioned on April 22, 2008. In 2007, a new DOE Superconductor Power Equipment 
program to address outstanding issues for integrating HTS cables into utility grids was awarded to the current project 
team. 
The goal of the follow up project is to develop and install a replacement cable phase manufactured using second 
generation superconducting wire. In addition outstanding components development necessary for full scale 
integration of HTS cables into power grids are addressed 
This paper will report on the status of the two projects including the results of further developments and the operating 
experience gained during 3 years of in grid operation of a transmission voltage superconducting cable.  
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1. Introduction 
High Temperature Superconducting (HTS) power cables provide electric utilities with a new way to 
solve power transmission issues as they are able to carry several times more power at the same voltage 
thanks to the huge current transport capacity of HTS materials in comparison with conventional cables 
based on copper or aluminum. Several development and demonstration projects have been successfully 
completed in the recent years [1- 4] showing the technical feasibility of superconducting cables in the 
power grid. After significant progress has been made through the successful demonstration of the first and 
only transmission voltage superconducting cable in the Long Island Power Authority (LIPA) grid, this 
new technology is now getting closer to commercialization. The grid operator’s accumulated experience 
with the system over several years has led to further work being undertaken in the frame of the follow up 
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project to address some remaining technical aspects required for long-length HTS cables to be installed 
on the grid.  
 
2. Project description 
The LIPA I project is a Superconductivity Partnership Initiative (SPI) between the United States 
Department of Energy (DOE) and industry to develop a long length transmission voltage high 
temperature superconductor power cable. This project has been executed by the project team consisting of 
American Superconductor Corporation as the prime contractor as well as the manufacturer of the high 
temperature superconducting wires, Nexans through the development and manufacturing of the cable, 
terminations and cryostat as well as site and installation support, and Air Liquide for the cryogenic 
refrigeration expertise, equipment, installation as well as operations monitoring and support. The host 
utility, LIPA, has provided the site, civil work, controls and protection, transmission planning and the 
operation of the HTS cable. The cable system was designed to meet the specifications summarized in 
Tab. 1. 
 
Voltage 138 kV 
Current 2,400 Arms 
Total Power Carrying Capacity 574 MVA 
Length 600 meters 
Design Fault Current 51,000 Arms 
Tab. 1: Cable system specifications 
3. Lipa II project 
In 2007, a new DOE Superconductor Power Equipment (SPE) program to address the outstanding 
issues for integrating HTS cables into the utility grid was awarded to the current project team (LIPA II). 
This follow up project is addressing technical challenges that had not been covered in the Lipa 1 project 
but that are required to be solved in order to commercially deploy transmission voltage HTS cable 
systems in utility grids. Those issues are typically related to longer lengths systems as well as reliability 
concerns such as reparability. The areas of development for this project were identified as: 
x Field Joint 
x Field Repairable Cryostat 
x Modular High Efficiency Refrigeration System 
x Thermal Contraction Compensation within the Cable 
While the LIPA I project was designed to demonstrate the technology, the goal of LIPA II is to 
demonstrate commercial readiness. Within the LIPA II project, one of the three existing phases of the 
600 m long LIPA I installation will be replaced by a LIPA II phase that meets all the additional 
requirements defined as the project goals.  
4. Cable design 
Different from the Lipa I program where the cable was designed to safely handle fault currents up to 
51 kA for 200 ms, one of the goals of the LIPA II project is to not only demonstrate that superconducting 
cables can be designed to survive fault current events (the so-called fault current tolerant design), but to 
 F. Schmidt et al. /  Physics Procedia  36 ( 2012 )  1137 – 1144 1139
also demonstrate the ability of a superconducting cable to suppress fault currents (fault current limiting 
design). Since only one phase of the existing LIPA I cable will be replaced with a LIPA II phase, this 
demonstration had to be done on a laboratory scale demonstrator while a 600m long fault current tolerant 
phase will be installed to operate with two of the Lipa 1 cable phases.  
The YBCO conductor used in the LIPA II project allows the achievement of both designs. This is in 
contrast to the BSCCO material used in the LIPA I project, which, by virtue of the silver matrix, exhibits 
a lower normal state resistance and is therefore not suited for the manufacture of a fault current limiting 
superconducting power cable.  
Concurrent to the design work, dummy cables have been manufactured at the Nexans facility in Halden, 
Norway. These dummy cables were used to establish the design of a 30 m long fault current tolerant and a 
10 m long fault current limiting cable prototype. Both the fault current tolerant and the fault current 
limiting prototypes have been manufactured and were tested at the Nexans facilities in Germany for their 
individual properties. 
The 10 meter long prototype of the fault current limiting design has been subjected to fault current 
limiting tests in order to verify the cable limiting behavior in fault conditions.  
The 30 meter long prototype was installed in the Nexans test field in Hanover together with the cable 
joint and two terminations. This setup has been tested according to an extensive type test sequence 
addressing all relevant aspects of cable operation in a live grid.  
5. Field reparable cryostat 
Reparability is one of the most difficult requirements to address for an HTS-cable system. This is due to 
the impact of a mechanical damage on the cryostat vacuum. In order to achieve a high quality cryostat, 
special emphasis has to be given to the aspects of leak tightness and cleanliness during the cryostat 
manufacturing process. With those aspects addressed, it is possible for the cryostat to achieve an excellent 
long-term vacuum level resulting in very low losses for the system. Such conditions are easily achievable 
in the factory during the cryostat manufacturing process. However, mechanical damage of the cryostat in 
the field is likely to involve contamination of the affected vacuum room with dirt, moisture and other 
ingredients that strongly affect cryostat thermal insulation performance.  
Since damage may occur due to external impact, it cannot be controlled. Moreover, damage can be 
either small, with a low impact of moisture and dirt, or it can be very severe. In order to achieve a 
repairable cable system design, the approach for the cryostat is therefore twofold: 
6. Vacuum segmentation 
First, the design of the cable cryostat is modified so that mechanical damage does not impact the 
complete cable length between two joints. Since typical length is in the range of 500 meters, damage 
would result in a 500-meter-long cryostat that needs to be repaired and re-processed. To avoid this, a 
vacuum barrier was designed and implemented in the cryostat to subdivides the vacuum into several 
sections. The length of a specific section can be adapted in accordance with the overall system layout and 
cryostat performance after repair. If a cryostat section is affected by external mechanical damage it needs 
to be repaired using tools and processes available in the field. It is likely that the repaired cryostat section 
will have slightly higher losses than the undamaged sections of the cable. In order to accommodate for the 
additional losses of the repaired section, the cooling system needs to be designed for additional heat load, 
and the overall system layout needs to be adapted also. Depending on additional losses, likely to be 
caused by a repaired cryostat section, an economical tradeoff can be done, taking into account the cost of 
vacuum barriers, extra refrigeration capacity to be installed and the operational costs of extra losses. 
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7. Cryostat repair 
If a cryostat section is damaged, it needs to be repaired using tools and processes available in the field. 
The ultimate goal of such repair is to achieve the same performance of the cryostat in terms of thermal 
losses as an undamaged section. During the development of repair techniques, the thermal losses are 
therefore used as success criteria to compare different repair processes. 
All tests performed were done on a cryostat type used for the 138 kV HTS cable system. At first, a 10-
meter section was used to evaluate various possibilities of vacuum processing after a complete loss of 
vacuum and high moisture content in the vacuum space. In order to simulate a damage event, the vacuum 
port of the line was opened under water-steam atmosphere, while the cryostat was filled with LN2 in cold 
conditions. The line remained in this configuration for 24 hours before the re-pumping process was 
started. This process, including specific cycles of vacuum pumping plus a cold trap and heating, was used 
until a vacuum level comparable to initial values was reached.  Thermal loss measurement was done on 
the line and compared to initial values. Measurement results proved that the thermal losses of the repaired 
cryostat did not differ from the original ones, and therefore marked a very successful achievement in 
repair process development.  
Since the vacuuming process depends on the distance between pumping ports, the next step included the 
evaluation of cryostat length on this positive result. A cryostat of 40 meters was used in order to 
investigate this. As a first step, the 40-meter line was measured for thermal losses. Afterwards the test as 
it was done on the 10-meter line has been repeated. The test validated the positive results obtained on the 
10-meter cryostat, since the same heat loss values were reached compared to initial conditions. Fig. 1 
shows this measurement result obtained using a calorimetric measurement with circulating LN2.  
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Fig. 1: Heat load measurement results before and after cryostat repair 
After the successful development of repair techniques with proven results, more severe damage of a 
cryostat was simulated. A worst case scenario of cryostat damage would involve not only moisture-loaded 
air, but could also involve groundwater and other ingredients found in a pipe where the cable might be 
installed. The repair of a damaged cryostat in such scenario was therefore undertaken. 
The 40-meter line was partially submerged in a trough filled with ground water. In addition, this trough 
was contaminated with cable pulling grease, since this is likely to be found in cable installation pipes. The 
outer cryostat pipe was cut under water while it was in cold conditions. Consequently, the vacuum space 
was filled with the ground water and in the vacuum area. Such damage represents the most severe 
situation that could be imagined in the field. The cryostat was then warmed and the repair done.. As 
before, the cable cryostat was subjected to a heat-loss measurement after repair. The measurement 
resulted in a thermal loss being approximately 2.6 times higher than the initial value.  
With this result cryostat reparability was successfully demonstrated, and the thermal losses of a repaired 
section which had been severely damaged were found to be reasonable. Such values can now be used to 
determine the optimum length of vacuum section for a specific cable system as described above. 
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8. Thermal Contraction Compensation  
As the composite cable contracts by ~ 0.3 % when cooled from room temperature to 77 K, for a cable of 
600 m length, such as is the case in the LIPA I and LIPA II installations, this equates to a contraction of 
1.8 m. While it is possible to manage such a contraction in the terminations of the cable (as was done in 
LIPA I); for longer length installations it is necessary to develop a method to compensate the thermal 
contraction of the cable that is independent of the cable length. The obvious approach is to ensure over-
length is introduced during cable manufacture and cable laying, so that the contraction of 0.3 % can be 
taken up by the previously introduced over-length. However, when the superconducting power cable is 
cooled down to its operating temperature, not all parts of the system experience thermal contraction. The 
cable core located inside the cryostat and the inner cryostat tube are exposed to the temperature change 
and tend to contract, whereas the outer cryostat tube remains unchanged in dimension as it remains at 
ambient temperature.  
In order to address thermal contraction handling, it is therefore essential to understand the behavior of 
the different cable system components and the interaction between them. To investigate that several tests 
have been done on them. During the development work, the cable core structure was subjected to thermal 
contraction tests in a specific thermo-mechanical test rig designed to measure the thermal contraction 
along with the associated force of a 10-meter-long cable core. 
Various cable cores of different designs have been tested to understand their behavior during cool 
down. The results are used to determine the thermal contraction handling approach that will be 
implemented in the Lipa II cable to be installed. 
9. HTS cable joint 
The successful testing and operation of a field joint is of equally vital importance for the demonstration 
of a commercial cable system, as it enables (in principle) unlimited cable lengths by joining cable 
sections. The length of the cable sections to be joined is commonly determined by transport constraints of 
the cable. Furthermore, in the case of very severe cable damage (i.e. damage to both the cable cryostat 
and the cable core), Field joints are required to repair the cable system and put it back into service.  
As the joint connects superconducting cable lengths carrying high currents, a small joint resistance is 
necessary to guarantee safe operation of the joint as the losses generated in the conductor connection need 
to be dissipated through the high voltage dielectric. The electrical loss at nominal current of this 
connection is < 3W and several Watts for the screen joint connection. 
 
Fig. 2 High-voltage cable joint for superconducting power cable 
The high-voltage insulation of the joint is typically done using insulating Kraft paper. This material, 
which is also used in conventional cables, can be applied to the connection and the interfaces between the 
different dielectric components designed according to electrical field constraints in those areas. Fig. 2 
shows a superconducting cable joint assembly before the joint cryostat is applied. The joint is completed 
by a joint cryostat surrounding the joint body. This cryostat is assembled onsite as part of the jointing 
process and completes the cable joint. The joint cryostat is typically based on rigid cryostat tubes, as no 
flexibility is required for this part of the cable system. 
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The cable joint has been subjected to a complete type test sequence together with the cable and 
terminations. The tests performed on the overall system are summarized in Tab. 2.  
 
AC high-voltage test 2.5 U0 – 30 min 
C and tan į-measurement  
PD-measurement According to IEC 60840 
Lightning Impulse Voltage Test 1.2/50μs – 650 kVp ± 10 shots 
Load Cycle Test 20 cycles 8/16 h @rated current and 2.5 U0 
Measurement of critical current Measurement up to 4 kA – DC 
Measurement of the electrical losses At various current ratings 
Tab. 2: Tests performed on the high-voltage HTS cable prototype 
All tests described have been performed successfully on the cable and joint, proving the suitability for 
long-length HTS cable applications. Fig. 3 is showing the test setup in the High Voltage test field of 
Nexans. The 30 m long prototype cable is installed together with a mechanical structure in order to allow 
the simulation of forces on the complete cable. 
 
Fig. 3: 30 m Prototype test loop 
10. Modular High Efficiency Refrigeration System 
A 22000 W @ 72K cryogenic refrigerator dedicated to long-length High-Temperature-Superconductor 
cable is under development. The main objectives are: high reliability, maintenance free, high efficiency, 
low foot print and stand alone packaged system. Preliminary design studies were performed to develop a 
new cryogenic refrigeration technology resulting in an innovative process is based on a Reverse-Turbo-
Brayton-Cycle. The essential innovation concerns the assembly of all active elements on a single shaft: 
centrifugal compressor, high-speed synchronous motor operating on magnetic bearings and cryogenic 
turbo expander. The cryogenic refrigerator preliminary design meets the program goals and achieves high 
thermodynamic performances: 28% of Carnot efficiency. It is mainly composed of a 200 kW Two-
Stages-Moto-Compressor, a 80 kW Moto-Turbo-Compressor and and a Cold Box. In the Reverse-Turbo-
Brayton Refrigerator, the Moto-Turbo-Compressor represents the critical component. Therefore, this 
component has been study in detail. 
Particular attention was paid to the design of the cold head. This crucial piece of the refrigerator has 
several roles: 
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x Minimize the thermal losses; 
x Enable a temperature gradient (60 to 300 K); 
x Ensure a mechanical aspect of the system during cool-down.  
Calculations have been made in order to simulate the rotation of the machine (centrifugal stresses) and 
the cool-down of the cold part. These calculations pointed out the validity of the design. The 
manufacturing of a Moto-Turbo-Compressor is done in the frame of the project. 
 
Fig. 4 Moto-Turbo-Compressor layout 
After this critical component is manufactured, the entire Turbo-Brayton Refrigerator including the 2nd 
active machine (Two-stages-moto-compressor) could be manufactured and tested within 2 years. The 
design takes into account that the entire refrigerator should be a compact and stand alone packaged 
system.  
11. Grid operation experience 
In April, 2008 The LIPA I cable wire was successfully commissioned. Once the cable was connected to 
the grid, normal operation commenced. During operation on the grid, all related measurements are 
gathered by the data acquisition system which has remote monitoring capability. Fig. 5 illustrates a 
typical ten day temperature and pressure history of the LN2 supply and return to and from the cable 
system. A 2K temperature cycling can be seen that is caused by a cryo-module adding refrigeration that is 
starting and stopping based on refrigeration need. 
 Fig. 6 shows a typical ten day period of operation for the actual load on the cable in. The current 
for this load cycle is shown in the same chart. During this two year operational time period, the maximum 
operating current measured in the Holbrook site was around 450 Arms.  
 
Fig. 5: Temperature and  pressure  of LN2 supply and return  Fig. 6: Operating current and  load in a ten-day time period. 
This is much lower than the cable design specification of 2400 Arms which was designed for a different 
site, but consistent with the projections provided by LIPA for this part of the grid. During the initial in 
grid operation, there were several conditions requiring the cable to be removed from service due to 
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unexpected site conditions but also to an over-constraining HTS cable protection scheme. None of the 
trips were initiated by a failure of any of the mechanical equipment. 
Corrective actions supported by appropriate testing were performed, ensuring the situation will not be 
repeated, then the cable system is reconnected to the grid. The changes made on the protection scheme 
proved effective as no event occurred that forced the cable to trip since then 
During past two years, the cable has been taken off line for several times due to a normal relay trip 
testing initiated by LIPA. This provided a chance for the team to study the cable thermal and electrical 
performance. During these events, even the cable was off-line, the refrigeration system was in normal 
operation mode. This testing showed that the cable properties did not change since the initial 
commissioning of the system. In particular the cryostat thermal losses remain constant indicating the 
integrity of the cryostat vacuum room. Due to low operating currents, the cable electric loss is very low as 
expected. 
12. Conclusion 
A 138 kV, 3 phase transmission cable system has been successfully fabricated and integrated into the 
grid on Long Island NY. It is the first demonstration of an HTS cable at transmission voltage on the grid. 
The system has been designed to operate reliably and to withstand fault currents up to 51 kA RMS. The 
cable has been in service for 3 years proving the reliable operation and verifying its suitability for utility 
operation. During the Lipa 2 project one of the installed cable phases will be replaced by a new cable 
designed on the basis of the second generation of HTS wire and connected with a field joint. The system 
will resume operation to get further operating experience on High Voltage HTS power cables in the utility 
environment. 
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